Acinetobacter baumannii is an emerging human pathogen and a significant cause of nosocomial infections among hospital patients worldwide. The enormous increase in multidrug resistance among hospital isolates and the recent emergence of pandrug-resistant strains underscores the urgency to understand how A. baumannii evolves in hospital environments. To this end, we undertook a genomic study of a polyclonal outbreak of multidrugresistant A. baumannii at the research-based National Institutes of Health Clinical Center. Comparing the complete genome sequences of the three dominant outbreak strain types enabled us to conclude that, despite all belonging to the same epidemic lineage, the three strains diverged before their arrival at the National Institutes of Health. The simultaneous presence of three divergent strains from this lineage supports its increasing prevalence in international hospitals and suggests an ongoing adaptation to the hospital environment. Further genomic comparisons uncovered that much of the diversification that occurred since the divergence of the three outbreak strains was mediated by homologous recombination across 20% of their genomes. Inspection of recombinant regions revealed that several regions were associated with either the loss or swapping out of genes encoding proteins that are exposed to the cell surface or that synthesize cell-surface molecules. Extending our analysis to a larger set of international clinical isolates revealed a previously unappreciated ability of A. baumannii to vary surface molecules through horizontal gene transfer, with subsequent intraspecies dissemination by homologous recombination. These findings have immediate implications in surveillance, prevention, and treatment of A. baumannii infections. bacterial evolution | microbial genomics | clinical microbiology | hospital epidemiology | hospital infection
I
n the last three decades, the rates of hospital-acquired infections with Acinetobacter baumannii have increased sharply (1) . Of even greater cause for concern are rapidly increasing rates of multidrug resistance among Acinetobacter isolates, with a recent study of the US hospital system noting a jump in the rate of multidrug resistance from 7% to 30% between 1993 and 2004 (2) . The capacity of A. baumannii to evolve resistance to antibiotics has recently culminated in the emergence of pan-drug-resistant strains (3), which threatens to render A. baumannii infections virtually untreatable. In addition to drug resistance, two other factors have largely contributed to the emergence of A. baumannii as a significant hospital pathogen (4, 5) . First, A. baumannii is resistant to desiccation (6) , facilitating spread via hospital personnel, infrastructure, and medical devices (7) . Second, in addition to causing prolonged infections, A. baumannii can stably reside within a human host in the form of extended asymptomatic patient colonization (8) , enabling its spread both within and between hospitals (9) .
Because of its capacity to survive and spread within the hospital environment, A. baumannii has a propensity for causing hospital outbreaks, wherein there is a sudden spike of infections for a prolonged period (7) . To track the origin and progression of a given outbreak, molecular typing methods capable of distinguishing between divergent strains of A. baumannii are applied, typically retrospectively (10) . Earlier studies found that most outbreaks were caused by one or two dominant strains spreading within and between institutions (7). More recently, there have been several reports of outbreaks with either the simultaneous or sequential presence of multiple dominant strains (11, 12) . It is unclear whether these polyclonal outbreaks are a consequence of a rapid divergence of A. baumannii during an outbreak resulting in multiple distinct clones or of the increasing prevalence of A. baumannii, increasing the likelihood of multiple clones simultaneously coming to the same institution.
Molecular typing studies analyzing outbreaks across different hospitals have demonstrated that a small number of epidemic strains are responsible for a disproportionate number of outbreaks in geographically scattered hospitals (13) (14) (15) . Among the most widespread are three particular lineages, commonly referred to as European clonal (EC) lineages I, II, and III (16, 17) . To gain insight into the success of these lineages, groups have sequenced the genomes of select representatives (18) (19) (20) (21) . Among the most notable features of these A. baumannii genomes was an observed propensity for horizontal gene transfer, with the most striking examples being large genomic islands enriched in transposable elements and antibiotic resistance determinants (21) .
Here we apply whole-genome sequencing to clinical isolates of A. baumannii to gain insight into the origin of a polyclonal outbreak and thus develop an understanding of how epidemic lineages of A. baumannii evolve in the hospital environment. Analyzing the genome sequences of representatives of the three major multidrug-resistant (MDR) strain types allowed us to dis-cern that two events likely contributed to the polyclonal outbreak: a single patient bringing two strains and the other strain evolving from a non-MDR strain present in the hospital more than a year before the outbreak. Additional comparisons of the genomes of the outbreak strains revealed evidence of extensive homologous recombination since their divergence, which had facilitated variation in gene sets contributing to the collection of A. baumannii cell-surface antigens. In total, our findings demonstrate the capacity of A. baumannii to rapidly alter its genome to evade both natural host defenses and antibiotic intervention.
Results

Molecular Typing Demonstrates Genetic Diversity Among Outbreak
Isolates. Between May and December of 2007, A. baumannii was isolated from 45 patients at the research-based National Institutes of Health Clinical Center (NIHCC). Of these 45 patients, 29 harbored MDR A. baumannii (MDRAB), with 18 infected and 11 subclinically colonized. Pulsed-field gel electrophoresis (Materials and Methods) typing of the 29 MDRAB patients identified three distinct pulsotypes during the outbreak (SI Appendix, Fig. S1 ). Type A dominated early, type B dominated late, and type C was observed midoutbreak (Fig. 1) . Multilocus sequence typing (MLST) (Materials and Methods) across seven regions revealed that A, B, and C were nearly identical to one another (SI Appendix, Table S1 ) and that all three were members of the EC II lineage.
The co-occurrence of three distinct strains from the same clonal lineage at the NIHCC may have two explanations. First, a single founder strain may have undergone rapid genomic changes that altered the pulsed-field banding pattern. Alternatively, two or three founder strains could have simultaneously come to the NIHCC. Although the second scenario seems less likely, the EC II lineage has emerged as the most prevalent epidemic lineage of A. baumannii (22) , increasing the likelihood that three distinct members of this lineage simultaneously came to the NIHCC.
Whole-Genome Sequencing Suggests That Multiple Events Contributed to the Polyclonal Outbreak. To explore their history and evolution, we generated more than 15-fold unidirectional and paired-end genome sequences with the Roche 454 XLR platform for representatives of each of the three observed MDRAB pulsotypes: A, B, and C (Materials and Methods). Summary statistics pertaining to sequencing, assembly, and annotation of the draft genomes are provided in SI Appendix, Table S2 . To determine whether the polyclonal outbreak was caused by one or multiple founders, we first determined the sequence variation among the genomes of A, B, and C by identifying all high-confidence SNPs (SI Appendix, Table S3 ) by using a series of stringent filtering criteria (Materials and Methods). To provide context to the sequence comparison of the outbreak genomes, we included strain ACICU, a member of the EC II lineage isolated from an intensive care unit outbreak in Rome in 2005, whose genome had been previously sequenced (20) .
We next explored whether there is any evidence of homologous recombination in these A. baumannii clinical isolates. For phylogenetic analyses, SNPs acquired horizontally through homologous recombination are not independently informative of a lineage's history and therefore should be excluded. Although homologous recombination has been shown to be prevalent in other Acinetobacter species (23) , its role in the evolution of A. baumannii clinical isolates has not been previously explored. To identify recombinant regions, we searched for evidence of the localized sequence variation associated with recombination events, where foreign DNA has replaced a homologous region of the host chromosome. Fig. 2 displays the spatial distribution of all SNPs among the A, B, and C genomes, relative to ACICU, and revealed several contiguous genomic regions of unusually high sequence divergence. Polymorphic sites were not uniformly distributed but occurred in discrete clusters, with 98% (13,235 of 13,493) of polymorphic sites occurring in 20% of the genome. Thus, most of the observed sequence differences among these EC II genomes are a consequence of recombinant DNA that has been acquired since their divergence.
Reconstructing the phylogeny of EC II strains based on SNPs in nonrecombinant regions does not support the outbreak strains having diverged from a single ancestor while at the NIHCC (Fig.  3) . The observation that A is no more closely related to B and C than it is to ACICU lends weight to A's arrival at the NIHCC being independent of B and C. Furthermore, although the clustering of B and C on the tree supports their divergence from a common ancestor, the divergence of B and C occurring before their arrival at the NIHCC is supported by the fact that B and C were both first isolated from the same patient at the same time. This patient had spent time in several other hospitals, which is consistent with a scenario in which B and C diverged from an ancestral strain, either in the patient himself or in one of the hospitals in which he previously resided.
Recombination Events Facilitate Swapping of Genes That Encode CellSurface Proteins and Synthesize Cell-Surface Molecules. We next returned to the striking observation of recombinant DNA spanning large regions of the EC II genomes. To gain insight into the selective forces driving recombination in the EC II lineage, we focused on individual recombinant regions associated with the gain or loss of genes. We hypothesized that these variations in gene content were likely to have had major functional consequences and were therefore good candidates to have driven the fixation of the recombinant regions with which they are associated. For the purposes of this analysis, we defined individual recombinant regions as encompassing SNP clusters with a uniform allele distribution across the EC II genomes, although multiple overlapping recombination events may underlie the observed patterns. Fig. 2 highlights four of the recombinant regions associated with variation in gene content (specific variable genes are shown in SI Appendix, Table S4 ).
Region I shows evidence of multiple recombination events, with the presence of distinct alleles in all four genomes providing evidence that recombination has occurred in at least three of the strains since their divergence. This recombinant region encompasses the cluster of genes synthesizing the O-antigen component of lipopolysaccharide (LPS), and we observed that all four EC II strains have unique gene content at their O-antigen clusters (Fig.  4 and SI Appendix, Fig. S3 ). Thus, as has been observed in other species (24) , recombination is facilitating the previously documented O-antigen switching in A. baumannii (19) . Region II, which also shows evidence of recurrent recombination, is associated with the loss of a cluster of genes previously annotated as being involved in iron acquisition (25) . Region III is a 45-kb section that is recombinant only in genome A and is associated with the swapping out of several genes, including LPS glycosyltransferases, for an alternate set of genes. Finally, region IV covers more than 100 kb, with A and B sharing one set of alleles across the region and C and ACICU sharing another set. Although region IV lacks explicit variation in gene content, there are two alternate blocks of highly divergent genes, including several putative outer membrane proteins and efflux pumps. Thus, in all four cases, recombination appears to have facilitated either the deletion (region II) or swapping out (regions I, II, and IV) of genes encoding proteins either exposed to the extracellular environment (e.g., membrane proteins) or involved in the synthesis of extracellular molecules (e.g., LPS). Building phylogenies based on these recombinant regions provided evidence that the immediate sources of recombinant material were other A. baumannii (SI Appendix, Fig. S4 ), which is consistent with previous work demonstrating a rapid decline in recombination efficiency with decreasing sequence similarity (23) .
Alternative Genes Sets in EC II Genomes Show Dispersed Presence
Across Distant A. baumannii Lineages. The observation of extensive recombination in the EC II lineage prompted us to search for evidence of recombination in other A. baumannii lineages. We first examined clustering of SNPs among three previously sequenced genomes in the EC I lineage (19, 21) and found several large SNP clusters (e.g., surrounding the O-antigen gene cluster) in addition to several smaller clusters (SI Appendix, Fig. S2 ). Strikingly, several of these clusters encompassed the sets of variable genes identified in the EC II genomes, with variation in gene content also occurring among the EC I genomes. Extending our analysis to more distantly related Acinetobacter genomes, we found that variation of these regions occurs across a large phylogenetic distance ( Fig. 5 and SI Appendix, Fig. S3) . Fig. 5 also shows that the number of alternative gene sets at different loci vary across the population, with the O-antigen cluster having many variants and the MDR pumps locus possibly having only two.
Monitoring O-Antigen Gene Clusters Leads to the Discovery of a Putative Non-MDR Ancestor of One of the Outbreak Strains. The observed diversity in recombinant regions across distantly related A. baumannii led us to wonder whether these regions were as unstable over the relatively short timescale of the outbreak. To this end, we examined the variability of O-antigen gene clusters in strains isolated from the NIHCC in the time leading up to and during the 2007 outbreak, by designing PCR assays specific for the O-antigen clusters of A, B, and C. We found that, among the strains isolated during the outbreak, the O-antigen cluster tracked with strain pulsotype, indicating that the O-antigen cluster was stable during the outbreak (SI Appendix, Table S5 ).
However, the non-MDR strain HC64, which was isolated more than a year before the outbreak began, tested positive for the Oantigen cluster of strain A despite being classified as a distinct pulsotype (SI Appendix, Fig. S1 ). The presence of the A O-antigen cluster in this non-MDR strain could be explained by (i) one of the two strains acquiring the O-antigen cluster from the other, (ii) both HC64 and A diverging from a common ancestor at the NIHCC, or (iii) HC64 being distantly related to A and coincidentally having the same O-antigen cluster. To distinguish these scenarios, we sequenced the complete genome of HC64. Comparison of the SNPs between HC64 and A, relative to ACICU, suggested a close relationship (SI Appendix, Fig. S5 ). This relationship was confirmed by incorporating HC64 into the phylogeny of EC II strains (SI Appendix, Fig. S6 ) and observing that A and HC64 clearly group together. Thus, the ancestor of one of the three major MDR outbreak strains was most likely present in the hospital more than a year before the outbreak. 2 . Distribution of nucleotide differences among three outbreak strains with the genome of ACICU as reference. SNPs in the genome alignments of A, B, and C relative to ACICU were determined by using Mauve and displayed with Circos (39). Positions differing from ACICU (outer black circle) are indicated by colored marks in the three inner circles for A, B, and C. Different colors represent shared alleles among different sets of genomes. Blue marks represent a position in which A differs from ACICU, with a blue mark also occurring in the circles for B and/or C if either of them also share this variant. Red marks represent a position in which B differs from both A and ACICU, with a red mark also occurring in the circle for C if it shares this variant. Finally, green marks represent a position in which C differs from ACICU, A, and B. In the outer circle, gray regions represent sequence present in ACICU but not in all three of the other strains, which were therefore not considered for the SNP analysis. Such variable sequences include both truly variable regions and repetitive sequences that may be collapsed in the assemblies of A, B, and/or C.
Fig. 3. Phylogeny of EC II strains based on SNPs in nonrecombinant regions.
A maximum likelihood tree including the EC II strains, and rooted with EC I strain AB0057 (not shown for clarity), was constructed by using only polymorphisms that did not occur in the clusters observed in Fig. 2 . Numbers on internal nodes are based on 100 bootstraps.
Although A and HC64 are genetically very similar, they differ in the set of drugs to which they are resistant (SI Appendix, Table  S6 ). Specifically, A is resistant to gentamicin, trimethoprimsulfamethoxazole, and imipenem, whereas HC64 is susceptible to all three. Searching for genetic differences to account for the variable resistance, we found that A uniquely possessed a gentamicin 3′-N-acetyltransferase and a sulfonamide-resistant dihydropteroate synthase, which have been shown to provide resistance to gentamicin and sulfamethoxazole, respectively (5). Both of these genes reside in the same region of genome A, interspersed with mobile genetic elements.
Discussion
We applied whole-genome sequencing to elucidate the basis for a polyclonal outbreak at a single institution. We found the comparison of complete genome sequences to provide essential information beyond that of standard molecular typing techniques that allowed us to conclude that, despite being closely related, the three major MDRAB outbreak strains did not diverge during the course of the outbreak. Furthermore, whole-genome analysis enabled us to determine that one of the MDR outbreak strains originated from a non-MDR ancestor at the NIHCC, whereas the other two strains likely came to the NIHCC via a single patient. As whole-genome sequencing technologies continue to improve with respect to both price and speed, these approaches should become the gold standard for rigorous epidemiological analysis. In addition to this study, several recent studies have shown that epidemiological questions ranging from single-hospital outbreaks (26) to worldwide epidemics (27) , and from retrospective analysis (28) to real-time monitoring (29) , can be effectively addressed with a whole-genome approach.
Our results have additional relevance specific to A. baumannii epidemiology. First, our observation of three divergent members of the EC II lineage causing simultaneous outbreaks is further indication of the rising prevalence and continued diversification of this epidemic lineage. A second finding, important to future studies, was the observation of widespread recombination, which must be taken into account to effectively interpret both MLST and genomic data in the context of epidemiology. Furthermore, the observed positional bias of recombination events should be considered when selecting MLST regions (SI Appendix, Table S1 ). This bias is exemplified by comparing the outbreak strains using the two different sets of A. baumannii MLST regions, where only one of the two sets contains regions in recurrently recombinant regions (SI Appendix, Supplementary Methods and Table S1 ). Finally, our observation that recombination is facilitating gene content variation of specific antigenic loci, with a potential relevance to intrahospital transmission, suggests that typing of these loci could prove useful in outbreak control.
In addition to its relevance to epidemiology, recombination in A. baumannii may be important to virulence in the form of immune evasion. Among several large gene gain/loss events associated with recombinant regions, the common thread is the variability of genes that contributed to the repertoire of cellsurface molecules. Recombination-mediated variation in surface molecules has been previously observed in organisms including Neisseria meningitidis (30), Streptococcus pneumoniae (31), and Escherichia coli (32, 33) . As has been hypothesized for these species, variation of cell-surface molecules in A. baumannii may be driven by evasion of the human immune system. In addition to facilitating repeat infection, this variation may contribute to the spread of A. baumannii by contributing to the propensity of A. baumannii for long-term patient colonization by allowing strains with novel surface markers to remain invisible to the host immune system.
Although immune evasion is a plausible driver of the observed variation in cell-surface molecules, an additional selective pressure may come in the form of phage predation. The genomes of EC II strains, and other sequenced A. baumannii, reveal a strong prophage presence (SI Appendix, Supplementary Methods). Many of the same molecules targeted by the immune system are exploited in phage attachment to cells, making it difficult to distinguish between these two possibilities (34) . However, even if the immediate selective pressure for antigenic variation is phage avoidance, the resulting variation may still promote the survival and spread of A. baumannii in human hosts.
Regardless of the drivers of diversification, the variability in surface markers underscores a large reservoir of genetic variation among A. baumannii. Many vaccines are designed to train the immune system to recognize these highly immunogenic cellsurface markers (35) , but, if all common variants are not included, the vaccine will not be effective. Given the diversity of markers observed here, and the ease with which A. baumannii seems to assimilate DNA from both other Acinetobacter strains as well as members of different species (21), attempts to include all possible variants will be challenging (35) .
Finally, our results put in a unique light the observation that a variety of strains are often observed during the course of a hospital outbreak. Frequently, only MDR strains are carefully monitored because they pose the greatest risk to patients. However, here we find two avenues by which non-MDR strains can potentially pose a threat to patients. First, non-MDR strains can in short order gain resistance determinants and become MDR. Second, non-MDR strains could serve as a potential reservoir of antigenic variants and contribute to the diversification of MDR strains. Thus, the dynamic genome of A. baumannii may dictate that the entire population of hospital strains be considered in attempts to control this emerging pathogen.
Materials and Methods
Summary of Outbreak and Strains Analyzed. From May to December 2007, the NIHCC experienced an outbreak of MDRAB, with no isolates of MDRAB previously recovered. Significant risk for colonization and infection was associated with time spent in the intensive care unit, mechanical ventilation, blood product transfusion, wound care, neutropenia, renal failure, and exposure to broad-spectrum antibiotics. Termination of the outbreak was achieved by strict infection-control procedures and targeted interventions. All isolates from this outbreak were identified by conventional biochemical tests and sequencing the 16S rRNA gene, tested against a broad panel of antimicrobial agents by broth microdilution, and frozen at −80°C in Brucella broth with 20% glycerol.
Pulsed-Field Gel Electrophoresis. Isolates were grown overnight in brain-heart infusion broth at 35°C in 5% CO 2 , concentrated by centrifugation, and resuspended in 1 M NaCl, and 10 mM Tris·Cl (pH 7.6) to achieve approximately the turbidity of a 4.0 McFarland turbidity standard. Extraction of genomic DNA in 0.8% InCert agarose plugs (Cambrex) was performed by standard methods and included 2 mg of lysozyme per mL followed by proteinase K digestion (100 μg/mL) for bacterial lysis. DNA was digested with 125 U of the restriction endonuclease ApaI at 25°C. Pulsed-field gel electrophoresis was performed in a CHEF-DR III (Bio-Rad Laboratories) apparatus with ramped pulse times from 7 to 21 s for 24 h at 6 V/cm. Size standards and an A. baumannii control strain were included in each run for gel-to-gel comparisons.
MLST. MLST was performed by using the protocols and PCR primers previously described (36) . PCR reactions were carried out with illustra PuReTaq ReadyTo-Go PCR Beads (GE Healthcare). Sequencing reactions were performed with the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (PerkinElmer Applied Biosystems). Data analysis and sequence alignments were carried out with the Lasergene suite MegAlign software (DNASTAR). Sequence allele typing was performed with the multiple locus query tool at the publicly available A. baumannii MLST database (http://pubmlst.org/abaumannii/).
Genome Sequencing and Assembly. Unidirectional and paired-end libraries (2-to 3-kb fragments) were constructed by using the Roche 454 Titanium General Library Reagents Kit (Roche 454 Life Sciences). Sequencing primers were added, and each library was deposited onto a PicoTiterPlate and sequenced. Contig assembly of both unidirectional and paired-end reads was performed with gsAssembler v.2.3.
Genome Annotation. Genome annotation was performed with the National Center for Biotechnology Information (NCBI) Prokaryotic Genomes Automatic Annotation Pipeline (PGAAP). (shown above the  table) was determined based on SNPs in regions common to all genomes by using the neighbor-joining algorithm. Each row of the table corresponds to variable genes found in the recombinant regions (I, II, III, and IV in Fig. 2) . A gray/white box at a given position indicates that the variable region, corresponding to the row, is present/absent in the genome, corresponding to the column. A region is considered present in a given genome if more than 80% of the region aligns to the genome, as determined by BLAST. The alignments are shown in SI Appendix, Fig. S3 .
Whole-Genome Alignments. To facilitate whole-genome comparisons, the scaffolds and large contigs from each assembly were ordered and oriented relative to a reference and then stitched together to form a pseudochromosome. Ordering and orienting was done by using the Mauve contig mover (37) , with the finished ACICU genome acting as a reference (20) . Multiple alignments of pseudochromosomes and other complete genome sequences were performed with Mauve. In addition to the strains sequenced in this study, the following previously sequenced Acinetobacter genomes were included in certain alignments as indicated: ACICU (NCBI accession no. NC_010611), AB0057 (NCBI accession no. NC_011586), AYE (NCBI accession no. NC_010410), AB307-0294 (NCBI accession no. NC_011595), AB900 (NCBI accession no. NZ_ABXK00000000), ATCC 17978 (NCBI accession no. NC_009085), SDF (NCBI accession no. NC_010400), and sp. 13TU strain RUH2624 (NCBI accession no. NZ_ACQF00000000).
Detection and Filtering of Nucleotide Differences. An initial list of nucleotide differences was generated from the Mauve alignments by using the export SNPs function. This list of SNPs was then filtered to remove those SNPs that are likely to be caused by alignment or sequencing errors as detailed in SI Appendix, Supplementary Methods. Phylogenetic Tree Construction. All trees were constructed based on polymorphic positions in the indicated set of genomes, excluding indel positions.
Tree construction was performed by using either the maximum likelihood or neighbor-joining algorithms, as implemented in the Seaview package (38) . Tree visualization was performed with FigTree version 1.3.1.
Delineation of Recombinant Regions. To designate recombinant region, each position in a genome alignment was first designated as SNP, non-SNP, or indel. Then regions of the alignment overrepresented in SNPs were determined by using a random walk algorithm as described in the SI Appendix, Supplementary Methods. PCR to Amplify Region Specific to O-Antigen Locus of Strains A, B, and C. PCR was performed with the Takara kit from Takara Bio Inc. The primer sequences used to probe the O-antigen regions of A, B, and C and the associated PCR conditions are provided in SI Appendix, Table S7 .
